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1.0 INTRODUCTION

The first totally unexpected result of space astronomy was the discovery

of strong X-ray sources outside the sclar system.

Berause of atmospheric absorption, X-rays, of course, cannot be
observed with land-based instruments. The aititude requirements for X-ray
astronomy become clear from an examination of Fig. 1, showing the altitude
where electromagnetic waves of different wavelengths arrive with different
degrees of attenuation {1/2, 1/10, 1/100). One sees th:t X-rays with
wavelength A greater than about one A {quantum energy > smaller than
12 keV) can be observed only at altitudes greater than 5C km, which can
be reached only by rockets or space vehicles. X-rays with guantum
energies E greater than about 15 keV, on the other hard, penctrate to

altitudes of the order of 30 km, which are within the range of balloon flights,

Even beyond the atmosphere, X~ray astronomy is limited by the
absorption ir interstellar space. This 1s shown in Fig. 2; the curves
represent the density of interstellar matter (in atoms per cm3) times the
distance (in light years) corresponding to various -cgrees of attenuation,

plotted against wavelength, Since the average density of interstellar
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Fig. 1 Attenuation of electromagnetic radiation in the atmosphere. Solid curves indicate
altitude {and corresponding prussure expressed as a fraction of one atmosphere) at which a
givan attenuation occurs for radiation of a given wavelength.
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Fig. 2 Attenuation of eleciromagnetic radiation in interstellar space. The ordinate repre-
sents the integrated particle density in terms of light years times the number of particles per
cc. The solid curves give the integrated density at which a given attenuation occurs for
radiation of a given wavelength. O(K), He(K) and He(l) indicate the K absorption edges of
O and He, and the L absorption edge of He. The ordinates corresponding to the Crab
Nebula and the galactic center are calculated using the known distance to these ob ects and
an assumed particle density of 0. 3 atoms per cc. and one atom per cc. respectively.
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matter is of the order of 0.3 atoms per cm”~, we see that, for wavelengths
less than about oA, the whoie Galaxy is essentially transparent; while
X-rays with waveiengths greater than about i00A can rea~h the earth only

from sources clc ser than 100 light years.

Extrasolar X~-rays were first detected by means of a rocket launched
in June 1962 by Giacconi, Gursky, Paolini of AS&E and Rossi of MIT. ()
The detectors were Geiger counters without a collimator and, therefore,
with a wide field of view. The result; revealed the existence of a strong
source in the constellation Scorpics not far from the galactic center, of
a possible secondary source in the constellation of Cygnus and of a diffuse
X-ray background, apparently also of celestial origin. Two additional
rocket experimerts by the same group {October 1962 and June 1963),(2)
with similar instrurientation, confirmed these results and gave a slight
indication of anothei source in the general direction of the Crab Nebula,
In the meantime, (April 1963), a collimated counter, flown by a group at
the Naval Research Laboratory under H, Friedman, again detected the

(3)

upper limit of 5° to its angular diameter and to determine its location with

Scorpio source, The improved resolution made it possible to pla\;el an
an accuracv of about 29, Since the galactic center was below the horizon
at the time of this flight, the X-ray sourc~ was certainly not coincident
with the galactic center. The same flight provided clear evidence for
another weaker source in Taurus, within about 2° of the Crab Nebula, and

also confirmed the existence of the diffuse background.

In July 1964, the NRL group, us;ing a pointing rocket, succeeded in
observing the occultation of the Crab Nebula by the Moon. “ This

remarkable experiment showed that the X-ray source in Taurus was indeed



coincident with the Crab Nebula and had a full width of about 1 arc

minute.

In addition to this flight, five other rocket flights were carried out
in 1964, two by the NRL group, two by the AS&E-MIT group, and one by
a group at Lockheed headed by risher., These flights reconiirmed the
source in Scorpius. They also detected a complex of sources in the galactic
plane, clustered within about 20° of the galactic center, and some additional

sources in the constellations of Cygnus and Serpens,

The year 1964 saw also the first successful attempt to observe X-rayvs

()

from celestial objects bv means of balloon-borne instruments.

Figure 3 shows the region of the sky that has been éxplored thus
far, and the approximate locations of the X-ray sources that have been
detected.

2,0 INSTRUMENTATION

2.1 X-ray Detectors

A necessary requirement of the detectors for X-ray astronomy is
high efficiency and large effective area because the flux of X-rays from
celestial sources, although stronger than had been anticipated, is quite

small,
The detectors used so far belong to three different categories.
2.1,1 Gas Counters (Geiger counters and proportional counters).

These instruments may be made in a variety of sizes and
shapes. Figure 4 shows a typical design. Their operation as X-ray detectors
is based primarily on the production of secondary electrons by the photoelectric
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Fig. 4 Schematic drawing of a thin-window gas counter used for the detection of soft X~-rays.
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Fig. S Calculated cificiency of gas counters with argon filling and different windows,



effect of the photons in the gas, and on the cascad. multiplication of

the ions produced by these electrons. The counters must be provided

with windows thin enough to let Xerays through, vet sufficiently stron/

to withstand the gas ;jrc~sure., The efficiency of a counter, & ,

is the product of the probability for an X-ray photon to traverse the window,
times the probability for the photc.: to be absorbed in the gas. It is thus
given by the equation:

-4 X -4 X
Emy=2 "% (@-e 99 (1)

where B and p’g are the absorption coefficients of the window and the gas,
Xy and xg the respective thicknesses. Since By and ”’g depend strongly on
wavelength X, 3 is also a function of 1; in fact, & s appreciably
different from zero only within a certain range cf wavelengths, which depends
on the atomic numbe- and on the thickness of the window and of the gas.

The long wavelencgth iimit of the sensitive region is determined by the window
becoming opaque and the short waveisngth limit by the gas becoming t-ans~
parent. Thus, a thin, low-Z window 2ad a low Z gas filling will tend to
make the counter preferentially sensitive to long wavelengtt 5; with a
comparatively thick window and a high-Z gas filling, on the other hand,

the counter will discriminate in favor of short wavelengths, E-<amples of
efficiency fuucticns for gas counte:s with argon filling and different

windows appear in Fig, 5.

The lower limit on the window thickness of a gas counter is set by
the practicul problem of achieving a gas-ticht seal, If one insists on this
requirement, it is difficult to extend the upper limit of the sensitivity range

beyond ai .ut 104, although the transmission curves of certain materials



have "windows" at somewhat longer wavelengths (e.g., aluminum has a

*window" from 8A to about 154),

The long wavelength limit may be extended by relaxing the requirement
that the window be gas tight, Although very thin winc »ws (less than several
hundred micrograms/sz) invariably leak, & gas reservcir and pressure
regulator may hold the gas pressure in the counter coastant within a few
percent for the short pe.iod of a rocket flight. This 1s essential because

the gas multiplication factor is very sensgitvy- {o pressure,

By a suitable choice of voiiage betiween the case and the wires, a
gas counter may be operated as a Geiger counter or as a prog-itional
counter (the first mode of creration requiring a higher voltage t:an the
second). As a Geiger courter, the detector gives pulses of *.- . .'m size,
irrespective of the number o .pairs N produced in the ges. .1 the
rroportional counter regime, ti.e size of a pulse is proportionc:.> N, The

average value of N, Nav’ is pccwortioncl to the energy dis« r=¢2d in the gas.

If the stopping power of the gas is sufficiently large, it = - :gy may be
'.5.--1_
taken as equal to the photon energy E° ° 49 that vie ¢ - .oatel
N_ =E/® {2)
av (o}
(*)

When a photon undergoes photoelectric absorption, the photoelectron
acquires a kinetic energy equal to the photon energy minus the atomic binding
energy which may be a substantial fraction of the photon energy. However,
most of the binding energy will appear promptly in the form of de-excitation
radiation or of kinetic energy of ar Auger electron. If the stopping power of
the gas is sufficient to absorb all of the electrons and photons emitted
subsequent to the process of photoelectric absorption, the energy dissipated
in the gas will ke practically equal o that of the photon.



where Eo a characteristic energy depend-nt ca the jas (e.g., Eo = 27 eV
for argon}. Thus, the pulse height distributiown of a proportional counter

is dire _tly related to the spectrum of the observed radiation, The counier,
however, has a limited spectral resolution, for two separate reasons. In
the first piace, there may be cases where not all of the erergy ¢t the

photon which has undergone photoe.ectric absorption is dissipated in the
gas (this effect becomes increasingly important with increasing photon eiiergy).
In the second place, the actual value of N corresponding to a given energy
dissipation undergoes statistical fluctuations around Nav (this effect
becomes increasingly important as the photon energy decreases), Note that
only if the counter is carefully designed will the multiplication factor

remain essentially constant over its sensitive volume,

Examples of actual pulse height distributions obtained with a
proportional counter exposed tc monoenergetic X-rays of different energies

appear in Fig. 6.

/ith detectors of the type described, ultraviclet rays, cosmic rays
and other charged particles of lower energy are possible sources of back-
ground, {t is easy to protect the detector acainst ultraviolet rays by a
proper choice of the window. In order to reduce the cosmic-ray kackground,
the counters are often set into a well-type scintillation counter whose
output pulses are placed in anticoincidence with those of the X-ray counter.
Low-energy charged particles, particularly electrons, whose energy is
sufficient to iraverse the window but not to penetrate the anticoincidence
counter cannot be eliminated, and, therefore, represent a source of

background that must be taken into consideration.

"
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Fig. o Pulse- height distributions cbtained wich a proportional counter exposed to mono-
energetic X-rays generated by K-capture (i.e., Sr®5), isomeric transition (Sm119) and ¥-
X-rays induced by electson pombardment. {(Al).
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Fig. 7 Schematic drawing of a scintiilation counter used fcr the detection of scit X-rays.
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2.1, 2 Scintillation Ccunters

Figure 7 shows, as an example, th= design of &
scintillatior counter used in several rocket experiments., Xeray quanta,
incident on the thin slab of scintillating material (e.g. Nal crssta.) produce
secondary electrons by photoelectric effect. Practically all of these come to
rest in the scintillator, giving light pulses propoitional tc their energy.
Some of the phctons thus produced reach the nnotocathode of the photormultiplier,
releasing a certain number N of photeoelectrons. The photomultiplier output

is closely proportional to N,

The eificiency of the detector is the product of two terms. The
first is the probability for the X-ray photon to produce a photoelectron in
the scintillatin matersial; this probability depends on the thickness and
on the atomic number of the scintillator, being high for a high~Z scintillator
{such as Nal), and low for @ low-Z scintillator (such as anthracene}, "he
second term is the probability that at ieast one photoelectron be released
from the photocathode by the light pulse (N > 1). The average pulse
neight is proportional to the average value of N. It is therefore a linear
function of the energy of the X-ray photon, and may be represented by an
equation of the type of Eq. (2). In typical situations, the average energy
per photoelectron Eo is of the order of 1000 ¢V. Comparing this number
with the average energy for the production of an ion pair in a gas counter
we see that, for a given E, N is smaller for a scintillation counter than
for a gas counter. Thus, the smallest detectable photon energy is nigher

for a scintillation counter than for a gas counter.

11
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The spectral resolution is limited by tne fluctuations in the pulse-
height corresponding to a given photon energy, which is a decreasing
function ¢¢ N, Therefore, for small values of E, a scintillation counter
will not vield as good ar energy resolution as may be obtained with a
nroportional gas counter, F y high photon energies, on the
other hand, scintillation counters have both better efficiency and higher
energy resolution than gas counters because of the relatively higher stopping

powser of the sensitive medium,

A further limitation to the efficiency of scintillation counters for
low-energy photons arises from photomultiplier noise. TInder optimum
conditions, scintillation counters can detect photons down to about 1 keV
energy. Because of additional difficulties arising from the requirem:nt of
a large sensitive area, until now scintillation counters have been used in

X-ray astronomy only in the energy reginn above 10 keV.

Scintillatjon counters must be covered with thin films of opaque
material to protect the photomultinliers from visible or ultraviolet light.
Cosmic-ravs and other high~-energy particies produce pulses of greater size
than X~-ray photons, and, therefore, can be easily distinguished from them.
Low~energy particles, in particular electrons, cannot be distinguished
from X~ray photons on the same basis, However, it is possible to separate
these particles from X-rays by comparing the counting rates of two detectors
with scintillation crystals of the same mass per r‘mz Lut different 2 {e. g.,
Nal and anthracene). Such counters have nearly the same response for

electrons, but the low-Z counter is practically insensitive to photoas.

2.1.3 Photoelectric Detectors

Gas counters cannot be operated in a vacuum without
a window and each window places a low-energy limit to tt~ cbservable portion

of the X-ray spectrum. The photoelectric detector does not need a window



and can, therefore, be used to exterd the measuremenis to lower photon
energies than are accessible to gas countors,

The possibility of building a photoelectric detector for X-rays rests

(6) that

on the fact, discovered by a group of Russian scientists in 1960,
several alkali halides have an anomalously high photoelectric yield for

X-rays, The design of a photoelectric detector for X-ray astronoms built

by the AS&Z group is shown in Fig. 8. The photocathode is an evaporated
layer of KC1 or Csl deposited on a spherical surface. The electrons ejected
from the photocathode are focused on the first dynode of an electron

multiplier, whose output pulse is proportional to the number of thcse electrons,
The sensitive arec of this particular instrument is 40 cmz. Its measured
efficiency ranges from about 8% for 5 keV photons to about 25% for 0, 8 keV
photons. Although the instrument may be operated without a window in the
high vacuum found at the altitudes where the measurements are made, a filter
may be necessary to absorb ultraviolet light, Furthermore, such a window

is needed to excluds ambient ionospheric electrons., Several hundred
angstroms of aluminum evaporated on a thin organic film will achieve these
purposes while allowing the transmission of X-rays well beyond the K-edge

of carbon at 44A, Rejection of visible light does not present a serious

rroblem because of the high work function of KC1 or of Csl.

Detectors of this kind have already been flown. Although the results
obtained so far are only ot a preliminary character, they show that photo-

electric detestors hold great promise for the future of X-ray astronomy.

2.2 Coilimators

2.2.1 GCellular Coliimators

In order to obtain accurate information on the lccation

of the X-ray sources and on their angular sizes, it is necessary to limit the

13
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Fig. 8 Schematic diagram of a photoelectric detector fo- soft "-rays.

Fig. 9 Schematic drawing of a cellular collimator,
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field of view of the detectors by means of suitable collimators. Recause of
the large area of the detectors and of the limited space available, cellular
type coilimators have been used such as that shown in Fig. 9. With these
collimators one can obtain fields of view of different shapes and different
angular widths down to about two degrees. The transmission, of course,

is a maximum for a beam parallel to the axis of the collimator (i.e., the
normal X4 to its plane; see Fig. 9). The response curves (i, e, the curves
giving transmission as a function of angle of incidence in planes containing
the collimator axis) have typically nearly triangular shapes. As an example,
Fig. 10 shows the computed and the experimental response curves in the

plane x of a collimator of the type shown in Fig. 9.

aYd

2¢2.,2 Modulation Collimators

In order to improve the angular resolution of a cellular
collimator, it is necessary to decrease its field of view. In this manner,
however, one also decreases the number of counts recorded when the X-ray
source passes across the field of view, and therefore one reduces the
statistical accuracy of the data. There is thus a practical limit to the
resolution that may be obtained with thesc devices when used on spinning

rockets.

A collimator of a different type, which combines high resolution

(7)

with wide field of view was conceived by M. Oda' "and has been dev loped
by the ASE-MIT group. Known as th- "modulation collimator®, it consists
esseitially of two plane grids of para'lel wires placed one in front of the
other at a suitable distance (Fig. 11). The diameter of the wires, d, is

nearly equal to the spacing between adiacent wires, s. In a parallel beam

15
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Fig. 10 Experimental response curve of a cellular coilimator to X-rays {circles) compared
with its computed response fuiction (solid line}. The angular divergence of the X-ray beam
was less than 1/2°. The X-ray beam was in the (’A‘d’ 9d) plane {Fig. 9} and the abscissa
represents the angle formed by this beam with the normal to the collimator Gd).
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Fig. 11 lilustrating the principle of operation of the moduiation collimator. The drowing
on the left indicates the shadowing that obtains with paralliel radiation.
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of rays, the front grid casts a shadow on the rear grid. The shadow
shifts as the orientation of the collimator relative to that of the incident
beam changes, and the transmission of the collimator changes corres-
pondingly, beinc a maximum when the shadow of the front wires falls
exactly on the back wires, and a minimu.. when it is centered between

adjacent wires.

Figure 12 shows the computed response curve of a modulation
collimator in a plane perpendicular to the wires ir the case of a parallel
beam coming from a distant point source. The abscissa is the angle ’7
betwecn the beam and tiie collimator's axis (i.e. the normal to the
planes of the grids; see T'ig. 11). The ordinate is the transmission.,

The distance D between the grids is large compared with the distance
d + s between the axes of adjacent wires. For small values of '7

the angular distance between maxima is:
A7 : d+s)/D

It is clear that a distant source with angular dimensions 6 small
compared with A ’7 will produce practically the same pattern of maxima
and minima as a point source. If, on the other hand, the source has angular
dimensions iarje compared with A ”) no "modulation” of the transmitted
intensity will occur as the angle of incidence varies. With a source of
angular dimensions comparable to A ’7 , @& variation of the angle of incidence
will produce a partial modulation, from which it may be possible to estimate
the actual angular size of the source in the direction perpendicular to the
wires. The minimum angular size of a sowce that can be distinguished from
a point source depends on 1he mechanical precision achieved in the corstruction

of the collimator, on the statis‘ical accuracy of the data and on the contribution

17
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of the diffuse background radiation to the measured fluxes, The exnerience
with the collimators that have been used has shown that this minimum size

is about a quarter of A "I .

Modulation collimators with A ’7 as small as 8 arc minutes have
been used, Figure 13 sho.vs the response curve of a modulation collimator
with A '7 of about 32 arc minutes, measured with visible light; Fig, 14
shows a similar curve for a modulation collimator having a A 47 of

2 degrees, measured with X-rays.

2,3 Image Forming Telescopes

I* seems difficult to obtain resolving powers substantially
better than several arc seconds by means of modulation collimators such
as those described above. Moreover, these devices give ambiguous
results when several sources are within their field of view, In order to
improve the resolution further and to investigate the actual structure of an
extended source, instruments of a different type are needed., The ideal
instrument is an image-forming telescope, It is actually possible to
build telescopes for X-rays using the phenomenon of total externsl reflection
of X-rays under grazing incidence. (8, 9)
are needed to obtain an image. The two reflecting surfaces may be a
paraboloid and an hyperboloid with its external focal point at the focal
point of the paraboloid, such as shown schematically in Fig, 15. Other

combination; of surfaces, however, are possible.

Image forming telescopes have been used so far only for solar X-ray
astronomy. Figure 16 is the photograph of one such instrument, In Fig. 17
a picture of the Sun in X-rays obtained with this telescope from a rocket

compaied with a picture of the Sun in p.x obtained almost simultaneously

19
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Fig. 14  Angular response of modulation collimator measured with X-rays. The absc:ssa
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Fig. IS Ray tracing 1n 3 g:azing-incidence X-Tay telescope. The focus of the parabcloid
coincides with the externai focus of the hyperbtoloid.
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X~Ray photograph of Sun

17 March 1965, 1519-1515 hrs. U. T. W3MK
10t -ec expisure

0.15 mil mylar £ilter {2260 & A1)

Ilford Irdustriel G film

Fig. 17

He

17 March 1965, 1520 hrs. U.T.

{by courtesy of Sacramentc Peak Gbservatory,
Air Force Cambridge Research Laboratory)

Photographs of the Sun in X-rays and 1n Ho. X-ray photograpkh at left wes taken

dusing rocket flight, using the focusing telescope shows in Figure 1.

IMASE PLANE
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Schemasiic drawing of an optical aspect sensur.



wiiii an ordinary telescope from the ground., The use of image forming

telescoves for thc study of exira solar sources shows ¢reat promise,

2.4 Optical Sensors

In order tc determine the narameters of the ehicle’s rotational
motion during the period of observaticn, one genrerally uses optical sensors ,
capable of detectir. celestial objects such as the Sun, the Moon and the
stars, An example of such an instrument is shovn in Fig. 8. It consists
essentially of an objective lens with a rectangular slit in its focal plane
and a photocell behind it. This arrangement provides a “rectangular”

response function as defined oy the slit in ine focal plane,

3.0 _ANALYSIS PROBLEMS REIATIVE TO ROCKET OBSERVATIONS

Both freely spinning rockets and attitude controlled rockets have
been used for X-ray ubservations. In the first instance, if the rocket
behaves like a rigid body and external torques are neqligible, its rotational
motion consists of a spin {with constant angular velocity wg) around the minor
axis of inertia, accompanied by a precession (with constant angular velocity
wp) of the spin axic around an axis fixed in space and parallel to the total
angular momentum {precession axis). The minor axis of inertia is practically
coincident with the lcngitudinal axis of the rocket whose momental
allipsoid may be regarded as a surface of revolution around this axis. The
hali-apex angle of the precession cone, « , is rels.ed to wg and w, by the
equation:

“g L (3)
cos o« = w I, -1

23



where 'y and I2 are the moments of inertia relative to the spin axis and

to a direction perpendicular to it. In the most accurate observations,

it becomes necessary to take into accouni the possibility that the actual
rotational motion of the rocket may differ slighly from that described
above, The deviations occur mainly not because of the .resence of
external torques, but because the rocket does not behave exactly like a
rigid body. Therefore, the direction of the precession axis remains fixed
in space, but Wgs @y and @ may undergo small and gradual changes during

the time of observation,

Useful X-ray observations may be made only above 80 km. The rockets
that have been used {Aerobee) usually reach a maximum altitude somewhat in
excess of 200 km, which gives an observation time of about 5 minutes,
During boost the rocket is spun up to two revolutions per second for the
purpose of stabilization., If it is not purposely despun, the rocket will
maintain approximately this spin frequency until it re—enteirs the atmosphere
{atmospheric friction during te ascent does not reduce the spin frequency
substantially). With such high spin frequency, the apex angle of the

precession cone is small and wp << W, .

In some experiments, the spin angular velocity of the rocket is
reduced by means of gas jets or a yo-yo despin mechanism after the rocket
has traversed the denser part of the atmosphere. The decrease of w results
in a widening of the precession cone and. in the extreme case, a may

approach 90°,

Actively controlled rockets offzr the possibility of exploring selectively
predetermined regions of the sky. On the other hand, one cannot use rigid-
body dynamics to predic. the character of their motion. In the experiments

carried out thus far, an attitude control system (or ACS), based on gyroscopes
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as sensing devices, is used to control the rocket orientation. By means
of gas jets, it is possible to point the axis of any given detector to
within several degrees of any given direction in the sky, or to sweep it at a

prescribed speed over a prescribed angular interval,

3

3,1 Frames of Refzrence

In the analysis of the data and in the presentation of the
results obtained with freely spinning rockets, it is convenient to consider
a number of different frames of reference. Each shall be defined by a
Cartesian coordinate system, specified by three mutually perpendicular
unit vectors 9{, ?, 2. We shali call X, ¥, 2 the three coordinates of the
unit vector Ir\ specifying a given direction. To each Cartesian system,
we shall associate a polar system of coordinates ¢, X, where ¢ is the
azimuth and A is the elevation. We take the polar axis in the direction

A ) A A
of z and the plane ¢ = 0 coincident with the (x, z) plane.

Thus: X=cosé$¢ cos A
y=s8in¢ cos A

Z = sin A

A list of the various frame of reference appears below.

Celestial f Ref “"“'th("'\)
(a) elestial Frame of Reference X Yoo 2 0the (X, ¥,

plane coincides with the celestial equator {(which coincides with the Earth's
A
equator); c'zc points toward the north pole and X toward the ascending
node of the ecliptic. Thus ¢c is the right ascension and A c is the declination,

A N A
(b} Precession Frame of Reference X , Y., 'z\ ; zp is parallel to

PAD p

‘:)p s l.e. to the axis of the precession cone; xp is parallel to the vector

A A A .
product z X Q p’ i, e, it lies in the (Xc s yc) plane, and points in the

direction of the "ascending node of the precession equator”. With respect to
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the celestial frame of reference, the precession frame of reference 1s defined

() (p)

by the right ascension ¢ c and by the declination A c of the precession

A . .
axis zp . If angular momentum is conserved, the precession frame of
reference is fixed with respect to the celestiai frame of reference,
- A AN A A
(c) The Spin Frame i Reference X, Y 22,72 s parallel to

[
N = h A A
"!s s l.e, to the spin axis of the rocket; e lies in the direction of zp X z, .

With respect to the precessicn frame of reference, the spin frame of reference

{s) (s)

is defined by the angles A p and ¢ p which: are the elevation and the

A .
acimiath of zs as measured in the precession frame of reference, as shown

(s)

in Pig. 19, If momentum and energy are conserved, X P is a constant and

a= % - X p(s) represents the semi-aperture of the precession cone, while
¢p(s) varies uniformly from 0 tc 27 during one precession period.

A A A A N .
(d) The Rocket Frame of Reference X 2 Y3 2.0 2, coincides with

A
the figure axis of the rocket and X, is fixed with respect to the rocket.
A
If the figure axis cohcxdes with the spin axis then Q coincides with zg .
Q rotates relative to xs with angular velocity W and if @ is constant,

()

A
the azimuth of x in the spm frame of reference is 4> =, (t - to } where
A
t is the time when X and xs are coincident. In the ASE-MIT experiments
so far it has not proven necessary to allow for the possible small discrepancy

between the spin and figure axes.

In what follows we shall have occasion to use the equation relating
> ,
the elevation )tr of a unit vector r in the rocket frame to the elevaticx
X of the same vector in the precession frame and to the relative azimuth,
(s
4> - ¢ )
A ~ ‘b
This equation may be derived from the vector identity (z X 2z ). (zp X
~n
zs.r-(?.z)(?’ z\andreads.

s of the vector and of the spin axis in the precession frame.

{s)
o ) )

sinA_ =ginX_ cos a+cosX sinacos{® ~-@&
r P P p

26



Fig. 19

Precession and spin coordinate ¢« stems.
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The above equation shows that if ? is fixed in the precession frame,
A varies from 2 . Lt atoA 0 - o during a precession cvcle. Note that if
P . and a are small angles, Fq. (4) may be approximated by:

A, =X +a cos (<1>p—<1>p(s)) (s)

3.2 Freely Spinning Rockets

Cons er now a freely spinning rocket carrying a detector
{X-ray counter or optical sensor). Suppose that the detector's axis

(d) = A s(d) with the equatorial plane of the rocket.

@

forms an angle Ar

Then its elevation in the precession frame will oscillate between A @

and A r(d) + o during each spin. On a re :tangular grid (plate Carre:
projection) its rcpresentative pcint will describe a nearly sinusoidal

curve with an amplitude equal to o and a phase that changes gradually
from one spin to the next {see Fig. 20). Thus the region of the sky explored
by the detector becomes wider as the apex angle of the precession axis

increases.

In the rocket's frame of reference, on the other hand, the detector's
axis is fixed, while the vector pointing to a celestial object moves in
azimuth with slightly varying angular v=locity, while changing its elevation

(o}

between hp - 7 and Ap(c) + a during the precession cycle. On a
rectangular grid, the representative point of the celestial object moves
along a nearly horizontal line, which oscillates up and down filling the band
p(o) p(o) + « (see Fig. 21). The object will be seen

between A - o and X

by a given detector if the latter's field of view overlaps this band.

(a) Despun rockets with long spin periods (~ 5 sec), long

precession periods {~ 300 sec), and large precession cone angles
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represents the band covered by tie detector axis during an entire precession cycle. The
solid curve within the shaded region is the path of the detector axis during about 1. §
spin periods. The short arrow at z incicates the motion of the rocket axis during the
same time. X (d} is the elevation angle of the detector axis in the rocket frame of
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Fig. 21  Motion of & celestial object in the rocket frame of reference.
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Shaded portion is the

region traversed by a given celestial object during the precession cycle and the solid line is

the motion of the object during slightly more than one spin period.
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(03 600) have been employed in the NRL experiments. The nearly
sinusoidal curve traced out by the representative peint of the axis of
a detector carried on such a flight changes in phase by a substantial
amount during each spin. Thus any source within (e large region of
explored sky is detected on only a few successive spins out of the
-ntire flight, In znalyzing the X-ray data from such an experime..:, one
searches for evidence of significant variations in the counting rate,

These may show periodicities extending over several spins if the

detertor's field of view is large enough so that the regions swept out in
successive spins overlap one another., The celestial orientations of the
detector's axis when the maximum rates are recorded is, of course,
established by reference to the data obtained by optical and magnetic
sensors. If the field of view has & nearly circular shape, then it is

possible to estimate a source's position making use of the fact that the
number nf counts produced Ly the source during one spin is a decreasing
function of the minimum angular distance between the detector's axis and

the source during that spin. By plotting the numbers of counts as a

function of this distance, and comparing the curve thus obtained with the
known angular response of the collimator, one can also evaluate the angular
diameter of the source, or place an upper limit to it, Obviously the accuracy
of both the position an( size determinations 'vill depend on the statistical
accuracy of the data (and, therefore, on the area of the detector) as well as

on the angular aperture of the collimator.

(b) A situation of a somewhat different character occurs in
experiments like those of the ASE-MIT group, which have employed rockets
that retain their relatively high initial spin rates ( ~ 2 secdl), have small

precession cone angles (a < 100), and have precession periods that are
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sufficiently short so that several complete precession cycles occur
during the period of observation. In these experiments a source within
the relatively small region of sky scanned by a given detector 1s detected
on many successive spins during those portions of the several precession
cycles when the elevaticn of the source lies within the sensitive range
of the detector. In order tc exploit the information abogut a source which
is potentially available in the data it is necessary to combine the data
from many spins, taking proper account of the effect of the precession
motion on the periodicity. A source too weak to have a statistically
significant effect on the counting rate during one spin may be detected

in the combined data fiom many spins. From such data it is possible to

obtain precise information on the sizes and locations of sources.

In order to deal with the complications caused by precession motion
in the analysis of data obtained from fast aind freely spinning rockets, we
have found it convenient to introduce a special angular variable ¢ which

we call the bearing, This angie is defined by the equation

g o= ¢s +¢p(s) + /2
(s)

where ¢ s is the azimuth of a given direction in the spin frame, and ¢ p
is the azimuth of the spin axis in the precession frame., If the given
direction is fixed in the rocket frame, as are the directions of the axes

of the various detectors, then we have ¢ S + ¢ (s)

{d)

= w 1w . Thus
S P
the bearing angle of a detector’s a.is at any given instant may be

expressed as a function of time by the equation

@ =‘/(:t (ws+wp) dt + \bo(d)

o is the bearing angle at t = 0, If the given direction is that of

()

where
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a celestial object {which is, of course, fixed in the precessiui frame)

(s)

then during each precession cycle ¢ increases uniformly by 27

p
while 4)3(0). the spin azimuth of the object, decreascs non-uniformly

(o)

by 27, Thus the bearing angle of the object ¢ varies about an average

value which is, in fact, the precession azimuth of the object, i.e,

{o) {o)
¢ av - ¢p

(o) _ . (s)

This is obviously true in the limit o = 0 where ¢ p = ¢ p + 1/2+¢ s(o)

as can be seen in Figure 19. In this case we have
q’(o) g6 p(o)
o)
¢( ) o (o)

(© _.P)
._¢p

In the genercl case when a # 0, one can show that the difference

(o) _  (s)

is an antisymmetric function of the difference ¢ p ) p ° Since ¢

when this differ=znce is zero (or 7 ), the average value must be equal to

¢ p(o) as previously stated.

Under the assumption of a rigid, freely-spinning rocket, { @, +w)is

" (d)

a constant so that the bearing angle of a detector's axis, , increases

linearly by 27 during a time interval equal to 27/ (ms + wp). The transit
times of a celestial object through the nieridian plane of a detector are
determined by the intersections of the heavy solid curve, representing the time

(o)

of a celestis 1l object, with the saw-

(d)

depen-ence of the bearing angle ¢
tooth solid line representing the time variation of the bearing angle
of the detector's axis (see Fig, 22).

The zxplicit expression for the bearing angle of a agiven unit vector Fad

(s)

fixed in the precession frame in terms of « and ¢ p is rather cumbersor-e,
It may be expressed implicitly, however, in the following way wtich is

particularly well suited to computer calculations. The components rsi in
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the spii. frame are related to the components r in the precessiun frame

pk
by the matrix equation

T, = T..(z) T, () r
si ij ik pk
where
cos A cos ¢
( b & p)
ok (cos Ap sin ¢ p)
(sin A
p
[oos (6 (P +a/2] [smte T+ w1 o
T, M = | -sin (¢ (s) + 1/2)] [cos (¢ (s) +7/2)] 0
jk f p
U 4] 1
1 0 i
T .(2) = 0 cos a sin @
ij
0 - sin a COS «
. . (1) (2)
The orthogonal trar.sformation matrices Tjk and 'I‘ij correspon? to the

two rotaticns required to bring the precession frame into coincidence with

:\he spin frame, namely, & pocitive rotation by the angle ¢p + x/2 2bout the
z p axis, foilowed by a positive rotation by the angle a about the X, axis.,
The bearing angle can be expressed in terms of the transformed components of

'r’ by the eguation

2
.82

(s)

\P(c" = 's2 arccos {r ./ \ﬂ. 2+ r + w/2.
sl si

_s2 Y+ ¢
= ’
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Turning now to the actual analysis of the data, the first step 1s
to find an approximate value for wp + W s the bearing angular velocit,
of the detector axes. To do this we search tor a sequence of nearly
periodic signals from one of the sensors {optical, X~say or maanetic).
Tl.e average value of the interval between successive signals in a
sequencs divided into 27 is thew used as the [irst approximation to
wp 3+ ws .
(d)

The second step is the computation of the values of the bearing U
(@)

relative to the pearing i.l)o at some given arbitrary time of the detector axis

at the .nstants when signals were observed. This is done using the formula

. {d) @) f t
o=y = » dt
4 L A \(..s + wp }

o
with ws + wp initially taken as constant and equal to the approximate value
of this quantity determined as «ccearibed above. In order to obtain a second
approximation to ""p + w_we construct a plot in which each signal is indicated

@ _, (@

by a mark with the coordinates (& t.';o » t}. Recuwrrent signals from a

celestial object give rise to a trail of marks advancing in t, and drifting
gradually one wav or anotker in & (a) - \Lo(d) » depending on the error in

w + c.-p. From the trends revealed bv this plot we determine an improved
value of W + wp which reduces the long term drift in the relative bearing.,
It turns out, however, that sounding rockets with liquid fuels are not per-
fectly rigid bodies after cutoff, Thus “g + :»-p generally varies significantly
during an experiment, To allow for tiiis we express (“s - up as a power
series in t in the form

2
w tw Tw + At + Bt o+, ., .,
s P o

In practice we have found i. necessary to use only the first order term in t

in order to eliminate nearly all long term drift,
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Of course, even after correcting the computation of the relative
bearing for the lcng term drift of wg + '°p s there remain the periodic
variations in the relative bearing of a fixed source due to the precession
motion. This motion, as we have seen, causes the bearing of the source
to vary around its average value (which is its precession azimuth), A
plot of the frequency of signals versus the relative bearing of the
detector's axis will therefore show a peak whose width is greater than
the spread due to the azimuthal angular resolution of the detector and the
angular width of the source itself, At this point the periodic precession

{o)

variation of ¢ as well as any residual long term drift in W, + wp

can be compensated by adding an empirically determined and smoothly
varying quantity to the calculated values of \p(d) . A plot of this compensater
d _ ¢(0)

quantity, which is essentially , will now show a peak whose
width is as narrow as the limit set by the resolution of the detector and the
angular width of the object. When this method, whicn we call "celf-
synchronization”, was applied to the ScoX~-1 peak in Figure 29, the width

of the modified peak was found to be consistent with the assumption that the

angular width of ScoX~-1 is less than 20 arc minutes,

1t s worth noting that the average over an integral number of
precession cycles of the bearing of the signals in a peak is a correct measure
of the precession azimuth of the corresponding celestial object even if
the object passes in and out of the detector’'s elevation range. This is
true because the deviation of § (c) from ¢ p(o) when the cbject crosses
a given rocket elevation in one direction is just the negative of the deviation
when it crosses in the other direction, Thus the average rel_atimn L earing
of the object during the tin(ae) when it is within the detector's elevation

. (d

range, plus the phase ‘Po , Which is yet to be determined, is, in fact,

the precession azimuth of the object.
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The third step in the analysis is the determination of the precession
motion and the orientation of the precession axis in thie celestial frame
of reference. The celestial orientation of the precession frame of reference
is determined from the star sensor data. These data consist of the
transit times of various stars whose identity is initially unknown, Selecting
data from portions of the precession cycle when signals {rom several stars
are observed in each rocket rotation, we determine the relative bearings
of the unknown stars. With the aid of a star catalogue and an appropriate
computer program we then search for a spin axis direction in the celestial
frame which would cause the star sensor to sweep over a combination of
stars with relative bearings that match the ones observed. In this way
the stars which caused the observed signals are unambiguously identified,
and first approximations to the spin orientations at several points arcund

the precession cycle are obtained,

As the spin axis precesses, the rocket elevation of a given star
varies so that the amplitude of its signal is modulated according to the
response function of the star sensor. This modulation may be a prolonged
appearance or dicappearance of a periodic signal as the star crosses one
boundary or the other of the elevation range of the sensor, It may be a
momentary disappearance as it crosses a masked interval in the middle of
the sensitive elevation range. In any event, the sequence of times at
which significant modulation events occur in the amplitudes of the star
signals is determined by the response function of the sensor and by the
parameters of the precession motion: i.e. the celestial orientation of the

(o) and 6C(p ) » the precession angular

precession axis, defined by a
velocity wp » and the opening angie « of the precession cone. Only a
particular combination of the precession puirameters will lead io a predicted
sequence of times of modulation events that matches the onz observed.

In practice we search for this combination with the aid of a computer, By

successive approximations we obtain a set of parameters which minimizes
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the sum of the squared deviations between the predicted and cobserved
times, and in this way we establish the celestial orientation of the
precession frame and the precession cone angle, Any object whose
precession azimuth and elevation is known can now be located in the

celestial frame by a simple transformation.

The fourth step is the determination of the precession azimuths
of the X-ray sources, Already, by comparing the bearing distribution
plots for the X-ray detector and star sensor data described earlier, the
relative average bearin:s (i. e. relative precession azimuths) of the X-ray
sources and the varlous stars can be established. Now that the stars
are identified,the absolute average bearings of the X-rav sources can be

determined, and these are the precession azimuths,

The fifth step is the determination of the precession elevations of
the sources. This can be accomplished, in principle, by measuring the
variation of a source's bearing during the precession cycle, since, as
previously noted, the amplitude of this variation depends ona and 2 p(o)
This method amounts to a kind of "triangulation” of :he source with a ktase
line equal to twice the opening angle a of the precession cone, For
the small values of a that occurred in the ASE-MIT experiments, the

accuracy of this method is not very high,

(o)

A more accurate method for the determination of 2 b is based on
an analvsis of the variation in the counting rate from a source which i~ caused
by the periodic change in the elevation of the source in the rocket frame,
By inspection of the bearing distribution we select an interval of bearing
within which essentially all of the counts from the source occur. For
each count( r)ecordefi) in this inte?v)al we compute the quantity £ =X r(d) -

s o, o
a cos (¢p - ¢p‘ ) wheretbp

source as previously determined, and )‘r

is the precession azimuth of the

(@

is the rocket elevation of u..e
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detector a¥:s. If a and & u(d) is sufficienily small, then to a guod

p
@ e s @ <5

the source transits the meridian plane of the detector in the precession

{
p(o) lies with range from )\r'd)

approximation £ = A p : i, e, at the moment when

frame {see Eq. 5). Moreover, if X
N (d)
r

-ato
+ a, then at some time during the precession cycle the detector axis
A\ Ry .
o d;
© . 3 ¥y s O e
r P
Eq. 5), and therefore the counting rate plotted against { shows a maximum

sweeps across the source, At this time X r

for a value of £ equal to the precession elevation of the source. An
example ¢ such a distribution is shown in Fig. 30. When 2 D does not

@ _ d)

lie in the range from Ar a to A r + a, one can still calculate the

expected variation of the counting rate as a function of £ from the known

{o) .

response function of the detector, and for any assumed value of X D
One can t* :n adjust A p\o) to obtain the best fit of the comruted variation
to the observed one, and in this manner one can obtain an estimate of the

precessior elevation of the source.

In the case of a detector with a modulation collimator whose response
maxima are separated by an angle smaller than 2a, the plot of counting
versus £ will show several maxima at values of { given approximately

by the equation

=2 @
n- “p

where a is determined by the dimensions of the collimator, An example

+ arc tan (naj.

of such a distribution is shown in Fig, 31.

4.0 OBSERVATIONAL RESULTS

4,1 The Crab Nebula
The source whose coordinates and angular dimensions aie

best known is that coincident with the Crab Nebula. As already mentiored,
the information concerning this source comes mainly from the observation
of the occultation of the Crab Nebula by the Muon performed by the NRL

aroup {which named the source Tau XR- The rocket was attitude -
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controlled and carried two X~ray detector:; which acquired the X-ray source

150 sec. after launch and observed it for 240 sec. thereafter, during which
time the edge of the Moon swept across the Crab Nebula in the manner shown

in Fig. 23, The ~ounting rates of the two d.iectors, and their sum are piotted
as functions of time in Fiy, 24, Shown in the same figure is the time derivative
of the total courting rate, which represents tae dissribution of the X~ray source
in che direction perpendicular to the advancir.g edge of the Moon., From thes:.
siblc tc show that tha anguler diameter of the X-ray ource
was about 1 arc minute, and that i* =enter wz2s close to the center of the

visible nebula,

4,2 The Sources Near the Galactic <o,....

Let us consider next the complex of sources within 25° of the
galactic center which inclides the source in Scorpio, named ScoX-1 by the
ASE~-MIT group, the first X-ray source to be discovered and tk > strongest
detected thus far,

Figure 25 illustrates the determination of the position of ScoX-1 performed
(3)
The

detector had a field of view about 10° full width at half maximum. The lines

by the NRL grour by means of a slowly-spinning rocket in April 1963.

with arrows are traces of the detector's axis on the sky map during differeni
spins; the numbers along these lines zre counting rates. The circles are lines

of equal counting rates, whose common center represe.ts the source position,

Figure 26 shows the results of another flight carvied out by the NRL
(11)

group, with similar instrumentation, in June 1964, anaded segments indi-
cate portions of scan where the X-ray counting rate wa: clearly above background.
Circles are positions assigned by the authors to the X-ray sources held
responsible for these increases in counting rate, Of tha sources near the
galactic center, only S:oX~-1 (indicated as I} gave a clearly separate peak.

The other five were unresolved and, therefore, the results concerning these

sources were somew hat tentative.

In addition to the sources near the galactic center, the instruments

aboard the NRL rocket detected also two clearly resolved sources in Cygnus
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From Bowyer et al, Nature 20!, {307 (i964)
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Pig. 25 Obssrvation of the X-ray source in Scorpio by the NRL group. Solid curves show
motion of the detector axis during successive passes over the region of the sky containing the
source. Dashed circles are contour of equal counting rates consistent with observed counting
rates. The centroid of these contcurs cives the best location of the source.
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From Bowyer et al, Science 147 394 (i965)
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(A and B in Fig. 26), and one unresolved source in Serpens. We shall

retum to these observations later,

Accurate data for some of tne X-ray sources appearing in the
region of the sky near the galactic center were obtained by the ASE~MIT
(12) The
rocket carried three banks of Geiger counters p.o7ided with collimators

having fields of view in the shape of narrow slits (GV10, GHO, GH20)

group with a rapidly spinning rocket flown in October 1964,

and one bank of Geiger counters providea with a modulation collimator,
Figure 27 shows the fields of view of these detectors and of the star
sensors in the frame of reference of the spinning rocket, Figure 28 shows
the regions of th sky explored by the three detectors with narrow-slit
collimators, and the positions of three sources, clearly identified by
these observations, One is ScoX-1; the second lies also in the constella-
tion Sco:rpius and is denoted as ScoX-2; the third lies in Sagittarius and

is denoted as Sgr X-1,

Let us discuss in more detail the observational svideiice obtained
in these experiments. Consider first the results of counter GV10, whose
direction of scan was perpendicular to the long side of the collimator’s
slit, Figure 29 shows the bearing angle dis‘ribution of the counts with
respect 10 $-Ceti, The sharp maximum at A is due to ScoX-1; it affords
an accurate determination of the azimuth of this source in the precession
frame of reference placing it on the arc A in Fig. 28. Moreover, the
variation of the courting rate due to ScoX-1 during the precession cycle
shows that the detector's axis came closest to ScoX-1 when its elevation
in the precession frame was a maximum. This observation places a lower
bound to the elevation of 5coX-1, as indicated by the dotted line in Fig, 28,
The smaller aud broader maximum between B and C in Fig. 29 is due to a
number of unresolved sources, including Sgr X-1, Scoi{-~-2 and probably
cther scurces near the galactic plane, These sources must lie in the cross~

hatched region be! :.on the arcs of great circles marked B and C in Fig. 28,
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Fig. 27  Fields of view of the detectors used by the ASE-MIT group in the Cctober 1964 rouket
flight, shown on . rectangular grid plot of the rocket frare of reterence. The number in paran-
theses below the instrument designation is the rocket azimuth of the detector axis.
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Fig. 28  X-ray source locations determined during ASE-MIT rocket flight of October 1964, The
reqton bounded by the arcs marked by GV10 has been scanned. Sources 3re found to lie along
the solid curves marked A, D, E, and F. The region between the curve : marked B ard ¢ con-
tains an unknown number of unresolved scurces.
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Still another small maximum in the bearing distribution suggests the
existence of a weak source along the arc marked D, although it is

not clear that D is separate from the source region between B and C,

Consider next the results of counter banks CHO and GH20. Neither
of these counters saw ScoX-1, The fact that this scurce never entered
the tield of view of GH20 further restricts the possible range of elevation
angles for ScoX~1, placing it below the regicn explored by the detector
(see Fig. 28).

The curves giving the bearing angie distributions of counts recorded
by both GHO and GH20 had maxima, indicating the presence of scurces
lying within the bands scanned by the two detectors. and belonging to
the source complex between the great circles B and C detected by
GV10,. The positions of *the maxima determine the azimuthal angles of the
sources in the precession framg, placing the sources along the arcs of
great circle marked E and F in Fig, 28, Because the long dimensions
of the slits representing the fields of view are in the direction of the
scan, the maxima are rather flat and the azimuth detcrminations pro-
vided by counters GHO and GH20 are not as precise as those provided by
counter GV10. On the other hand, the narrow dimensions of the slits
in the direction perpendicular to the scan affords an accurate determination
of the elevation angies of the two sources in the precession frame. To
obtain this information, appropriate *windows" were chosen around the
azimuths of the sources, and the counts recorded within these windows,
at various phaces of the precession cycle, were plotted against the quantity
1 - ,\r(d) (sea Secti>n 3, 2) which is approximately the relative eievation of
the detector's axis at the center of the window, The results for counters
GHO and GH20 are shown by the graphs in Fig. 30. In both graphs, the
counting rate is a maximum near the middle of the pr~cession cycle,

i.e., when the elevation of the detector's axis in the precession frame is

nearly equal to its elevation in the rocket's frame, Thus, Sgr X-1 lies
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near the center of the band scanned by GH20 and ScoX-2 lies

near the center of the band scanned by GH?.

Consider, finally, the results of counter bank GMCO provided with
a modulation collimator of about 20 arc minutes resolution, Figure 31
shows the variation of its counting rate due to ScoX~-1 during the pre-
cession cycie, A previous experiment with a modulation collimatcr
of higher resolution had shown that the angular dimension of ScoX-1

was less than 7 arc minutes. (13)

The completeness of the modulation
observed with the present detector is entirely consistent with this result,
Moreover, the positicn of the maxima makes it possible to place ScoX-1

on one of the circles of constant elevation corresponding to the transmission
maxima of the modulation collimator at the time when a maximum of the
counting rate is observed, Two of these circles fall between the limits of
elevation previously determined, thus giving for ScoX-1 the two possible

locations shown in Fig, 28.

Table I lists the most likely positions of ScoX-1, ScoX-2 and Sgr X-1,

as obtained from the cbservations just described.

Data relative to the same region of the sky were also obtained
by the Lockheed group, by means of an attitude controlled rocket flown
in October 1964, (19

having fields of view in the shape of narrow slits, whose long dimensions

The rocket carried three detectors with collimators

were arranged at diffsrent a''gles to the rocket's axis, Thus, from the
relative delay between the trancit times of a given source througi these
fields of view, it was possible to oitain information conceming the
clevation of the source in the rocket's frame of reference. The rocket

was programmed to execute four different scans dwing its flight, Figure 32
shows the ar~s traced on the sky by the normals to the detectors during
these scans; the rectangles at the beginning o: scan 1 show the fields

of view of the three detectors, denoted as T(top), C {center), B{bottom),
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SOURCE RIGHT ASCENSION DECLINATION
16" 2™ £2™ ~15.6° £0.5°

SeoX1 18" 9™ £2™ ~14.0° £0.5°
Sco X-2 6" 50™ +7" -396°£0.9°
Sgr X-1 7" 4q4™ 7™ -23.2°40,9°

Table 1
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The shaded areas indicate the bands scanned by detector C.

ScoX~1 was detected during scans #2, 3, 4. All three counters
T, C, and B gave useful data duriig the two slower scans (#3 and 4).
They provided the following determination for the position of th.s source:
right ascension: 16h14m i 1"

declination: -1 5o

36' + 15°

Only counter C provided "seful data during scan #1, which ran
along the galactic equator. The counting rate went through several
maxima; indicating the existence of a number of sources, However,
only the azimuthal angles of these sources in the rocket's frame of
reference could be determined, The arcs of great circle corresponding
to the sources near the galactic center are shown in Fig, 33 as narrow
bands having a width equal to the experimental uncertainty in the

angular measurement,

In Pig. 34 the results of the NRL group, the ASE~-MIT group and
the Lockheed group are summarized and compared. Concerning the

sources near the Galactic center, we note the following:

(a} Both alternate positions for ScoX-1 found by ihe ASE-MIT
group fall within the circle of uncertainty of the determination made by
the NRL group One of them is consistent with the position civen by
the Lockheed group, As already noted, w2 know from the results of the

ASE-MIT group that the anguiar size of ScoX-1 is less than 7 arc minutes,

{b) The position for Sgr X-1, as determined by the ASE-MIT group,
is about 1° f.om the arc cf the great circle corresponding to one of the

sources found by the Lockheed group., This discrepancy may »e accounted



DECLINATION

-IOO "1 ,
\ a
\
¥ SN
-20° 1 16044 -
i Tig. 33 X~ray source locations 1n the
vicinity of the galactic centor determined
\ \ e, CALACTIC CENTER during Lockheed rocket flight. Dashed line
i \ H 1S the path of thz detector axis and the
-30° \ narrow bands normal to this line represent
\ regions of the sky containing X~ray sources.
L
ioh igh Tl 6"

RIGHT ASCENSION

22" 20" 18" 16"
330°  320°  310°  300° 200° 2080° 270° 260° 250° 240°
.\r L 4 H T T ¥ T ¥ T 1 ¥ T T T L AR o A
+50%- \\ O 2C1728 (SNB) Js50°
}\hv-«m ..1
»4’."r—o Crest-2 N O nd —~+40*
) i
+30% Cro Loeno .30
b \\ -~
\
0207‘ A ~{+20°
&
r N h
i‘\
0% e 1100

3 " %o’;‘. O taezt __

P \

-g- or \ o 2cun ~10

: \

s » . -4
-0t L1100
204~ ASSIGNED ad .20°

Sounce Fosinon ? )
r ¥ .0l of wew! 3 mos) >
A Y - e P
sl ASEMT ST AN 300
- A W ’ !
[ b X -
O wae \ Yo¥ )

-40%- P @ . -f-#00
— /LM ':. _; T T ) 4
-sct ~ 450

SN UUN YOS VN U YU SO W VOISV SN NN SN S WD N D A |
330° 2200 30°  300° 290° 2M0*  270° 260°  250° 240°
22" " 8» 6"
Rt Ascension

Figy. 34 X-ray source locations as determined during three 1964 rocket flights ASE-MIT

locations have been given in Figure 29: NRL ._cations have been given in Figure 23. and
I.nckheed locations have been given in Figure 34.

53



for by experimental errors; tlius, the scurces observed by the two g-oups
may be th: same. However, Sgr X-1 does not lie within the circle of
uncertainty of any of the sources found by the NRL group. The closest
NRL source is OphXR-1 whose center lies 5° from the ASE-MIT position
of Sgr X-1., The existence of a source in this position is not consistent

with the ASE-MIT data,

(c) Sgr X-1 is 50 from the Kepler supernova remnant SN 1604,
Thus, the ASE-MIT observation rules out the existence of a detectable
X-ray source in this position, ard the tentative identification by the
NRL group of their OphXR-1 source with SN 1604(11) does not seem to be

correct,

(d} The position for ScoX-2, as determined by the ASE-MIT
group, is about 1° from the arc of great circle corresponding to one of
the sources seen by the Lockheed group, Again, the discrepancy may be
due to experimental errors, and the sources seen by the two groups may
be the same., On the other hand, ScoX-2 lies about 5° from the nearest
source reported by the NRL group {ScoXR~2); the ASE~-MIT results are

not consistent with the existence of an X~ray source in this position,

(e) The NRL source SgrXR-2 lies half way between the arcs of
great circle about 12° apart, on which the Lockheed grcup located two
separate sources, Possibly the peak of ccunting rate in the NRL observa-

tions resalted from the combined etfects of these two sources.

(f) In addition to these two sources and to the ASE-MIT sources
SgrX~1 and ScoX-2, the Lockheed results indicate the existence of at
least two other sources near the galactic center. One of them may coincid«:

with NRL source Sgr XR-1, It apuears difficult to identify the other with any



of the NRL sources, unless there is a sizeable errcr in the position of
ScoXR-2 quoted by NRL,

() S3gr A, the radio center of the Galaxy, is at most a weak

X-ray source compared with the other saurces nearby,

4,3 Other Sources

Farly observations by the ASE-MIT group suggested the
1,2 As noted
previously, the NRL group detected two sources, Cyg XR-1 and Cyg XR-2

presence of X-ray sources in the general region of Cyynus,

in this region (see Fig. 34). One of them {Cyg XR-2} lies near the arc of
great circle where also the Lockheed group located an X~-ray source,

Cyg XR-2 was not scanned by the Lockheed group, Neither Cyg XR-1 nor
Cyg XR-2 coincides with the Cygnus loop or with Cyg A,

Iartly, the NRL observations indicate the existen.e of a source in
Serpens; a small maximum in the counting rate observed by the lLockheed

group in scan #1 may be due to the same source,

4.4 Spectral Information and Flux Estimates

Some information eonthe spectra of t. e X-ray sources has keen
obtained from absorption measurements as well as from the pulse-height
distributions observed with proportional counters and with scintillation
counters., Partly because of the nature of the measurements, partly
because of the limited statistical accuracy, none of the available
results affords a direct determination of the spectral distribution, i.e.,
of the function j (E) dE giving the energy flux of X-rays with photon energy

stween E and E + dE. Rather certain a priori assumptions had tc be

made on the form of the spectral function j (E); the experimental resuits
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could then be used to compute the free parameters entering in the
expressions for j (E), and, in some cases, to rule cut certain types

of spectral functions.

The spectral functions usually considered are:

Power law:
j (E) dE = const, '(%i' {9)
E

Synchrotron radiation and inverse Compton effect are likely to produce

spectra of this kind,

Exponential Law:
j (E) dE = const x exp (-E/kT) dE (10)

Spectra of this kind are characteristic of low-2, fully ionized, optically
thin, clouds containing electrons with a Maxwellian velocity distribution
corresponding to a temperature T, “a this case, the process responsible
for the X~-ray emission is bremsstrahlung. {In the presence of incompletely
ionized matter with Z greater than about ten, there would be a substantial
contribution from free-bound transitions, giving rise to characteristic

discontinuities in the spectrum),

Planck's lLaw:

3
j (E) dE = const —Bé—/—‘%-—-
S | (11)

This iaw, characterizes the radiation from a black body at a surface

temperature T,
4,4.1 The Crab Nebula

The NRL group in their Nov, 1964 :light observed the
Crab Netula with two X-ray counters provided with myla: windows 1/4 mil
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and 1/2 mil thick respectively. The measured counting races
2
(2.7 and 1.6 per cm~ sec) were cons stent with a power-law speccrum

of the type

j{E) dE = const
E 1.1

The energy range to which this resalt applies extends from 1,2 to
4,0 keV.

The Crab Nebula was al=c observed by G, Clark by means of a

&)

scintillation counter flown with a balloon in July 1964, The pulses
were analyzed in four channels corresponding to (nominal) energies
from 15 to 28, from 28 to 42, from 42 to 62 and greater than 62 keV,
The counting rates in the three lower channels (after subtre.uiion of
background and correction for stmospheric absorption) were consistent

with a power-law spectrum of the type:

const

EZ

J(E) dE = dE
The higher channel did not contain any statistically significant signal,
thue placing an upper limit to the flux, This upper lirit indicated an
increase in the logarithmic slope of tha spectrum beyond 62 keV.

The experiments described above provided information nct only
on the shapes of the spectrur but also on the absolute values of the flux
in the two regions explored. It is thus pnhssible tc combine their results
into a single spectrum extending from about 1 to about 60 keV. It is also
possible to compare the results relative to this range of energy with th»
flux measurements in the visible and in the radio regions of the electro
magnatic spectrum, and with upper limits that have bee.: obtaines vy various
experimenters for the flux in the y-ray region, from about 108 eV to about
1015 eV, The results of this comparison are summarized in Fig, 35, It
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Fig. 35§ Summary of experimental data on the spuctrum of electromagnet.c radiation from

the Crab Nebula.
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appears thc. the spectrum of the Crab Nebula may be approximated
by a single power law with exponent of about 1 from a few eV to a few
10 keV, For higher energies, however, the spectrum becomes considerably

steeper, Moreov_er, interstellar absorption must produce a “gap" in the

spectrum which has not yet been observed, but whose detailed experimental-

investigation promises to afford important irformation on the composition

of interstellar gases.

4,4,2 The Sources Near the Galactic Center

Ear’y results of the ASE-MIT group on the atmospheric
attenuation of X-rays from these sources (as observed with Geiger counters}
wezo found to be ccnsistent with a black-body radiation corresponding
to a temperature of about 107 OK, without, however, providing any
evidence for or against the assumption that the shape of the spectrum
was of this particular form., Later results for ScoX-1 by the NRL aroup
(based again on atmospheric absorption) gave an effective temperature

between 2 and 3 x 106 under the assumption'of a black-body spectrum, (1

Additional data were obtained in 1964-1965 by the Lockheed group,
the ASE-MIT groups and the NRL group. The results of the Lockheed group
refer to ScoX-1 alone. They are based on observaticns made with the same
three proportional counters that also provided the data on the location of
this source(m) (T, C, and B in Fig. 32). Counters T and C had 5-mil
thick Be windows, counter B had a 0.5 mil thick Al window, All counters
were 4,0 cm dssp and were filled to @ pressure of 83 cm Hg with a mixture
of 90 percent argon and 10 percent methane. From the computed efficiency
curves, the estimated energy resclution of the counters and the associated
circuitry, and the observed pulse height distributions, they obtained the
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energy spectrum shown in Fig. 36. No significant signal was observed

in the lowest channel so that only an upper limit could be placed to

the flux in the 2-4 keV interval, This upper limit appears to indicate a
sharp drop-off of the spectrum below 4 keV; however, it has been reported
privately that the interpretatiun of the measwements in the 2-4 keV

channel is affected by considerable uncertainty.

The ASE group obtained spectral data in a rocket flight carried out
in August 1964, as well as in the rocket flight of October 1964, mentioned

(15) The instrumentation of the August flight included a

previously.
bank of Geiger counters with Be windows of 9,0 mg/cm2 thickness,
filled with argon to a gas thickness of 5,4 mg/cmz. The computed
-efficiency curve of this counter was checked by means of the beam from
a tungsteri target, windowless X-ray tube operated at different voltages
. from 1,8 to 19 !keV. The counter bank was provided with a collimator
which made it possible to separate the signals received from ScoX-1

and 1. om the sources near the galactic equator,

At launch two filters, one of 7,0 mc_.x/c:mz Be (F-1) and one of
1.72 rng/c:m2 Mylar (F-2) were placed :in front of the counters, During
the flight, first one then the other filter was removed so that the
counting rates with F-1 and F-2, with -] alone and with no filter
could be measured. Data relative to essentially a full precession cycle
are available for each of the three situations; therefore, no correction is
needed for a change in the average angle of incidence of the racdiation

during the three measurements.

The results are summarized in Table II, Note, in the first place,
that the spectral information obtairable from these data refers to the
energy region for about 1 to about 10 keV. Note also that thare is no
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From Fisher et al, Preprint {1965)
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Fig- 36 Spectral c¢isiributicn ofox-rays from ScoX-~1 as obtained from pulse height
distribution of a proportional counter.
FILTER SOURCE TING RATE | ATTENUATION
CONDITION REGION MEASURED RELATIVE TO
cis/sec NO FILTER
NO FILTER SCOX-i 620120 t
Fi SCOX-1 440z 18 0712.04
F1+F2 SCOX-1 350 £17 0.561.03
NO FILTER | GAL CEN 350118 1
Fi GAL CEN 2401218 0.70£.06
F1+F2 GAL CEN 210215 0.62+.05
TYPICAL BABKGRO_UND RATE 30 cts/sec

Table II Pilter Absorption Data on X-ray Sourcés .
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statistically significant difference between the attenuations observed
from ScoX-~1 and for the sources near the galactic plane. It turns out
that the experimental resuits do not perinit a distinct. ~ between the
three types of spectra represented by Eas. 6, 7, and 8. For each
assumed type of spectrum, however, they provide a determination of

the characteristic parameter, to wit:

Power Iaw: o =1,1+ 0.3

7 o

Exponential Law: T = (3.8 + 1.8) x 10" K

Planck's Law: T =(9.1+0.9) x 106 %%

The data are not consistent with the s’r{arp dropoff of the spectrum
below 4 keV tentatively indicated by the Lockheed resulits,

The instrumentation of the October flight included a ival scintillation
counter, provided with a suitable collimétor. The. pulse-height distributions
observed in the two source regions, with background subtracted, are
shown in Vig. 37. The cut-off Leiow 10 keV results from the electronic
threshold, Above 10 keV, the three pulse-height distributions are
significantly different, The distribution observed from ScoX~-1 falls below
the minimum detectable level at about 18 keV (a result consistent with a
cut-off of the spectrum at about 15 keV). On the othe: hand, the combined
spectrum of the sources near the galactic plane extends to higher energies,

If we now compare the Geiger counter data obtained in the August
flight with the scintillation counter data obtained in the October flight,

we reach the following conclusions.
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A black-body spectrumn cannot fit both sets of data for either
ScoX~-1 or the sources near the galactic equator since such a spectrum
falls off with increasing energy much more rapidly than the experimental
resalts indicate. On the other hand, both a power law and an exponenti~}
law, with the appropriate values of the parameters mentioned previously,
can account for the data obtained with the scintillation counter as well
as with the Geiger counters. There is, however, evidence that the
combined spectrum of the sources near the galactic equator is somewhat
harder than that of ScoX-1.

The NRL group obtained spectral information on celestial X-ray
sources both during the June 1964 flight,mentioned previously, and
during a flight carried out in April 1965, whose resuits, so far, have
been described only in a preliminary report.

In the June 1964 flight, ScoX-1 was obrervad 1t different altitudes
during the descent of the rocket. From the measured atmospheric
attenuation, it was concluded that of the flux detected at the highest
altitude about 1/3 was accounted for by photons with energies above 2 keV
and 2/3 by photons with energies between 1.2 and 2 keV, '

In the April 1965 flight, the NRL group used four counters with the
following characteristics: (1) argon filling; 1 mil mylar window; (2)
argon filling, 1/4 mil mylar window; (3) neor filling, 1/4 mil mylar window;
(4) helium filling, 1/4 mil mylar window. The relative counting rates of
these detectors, which had very different spectral response curves, were
found to be significantly different for different X-ray sources, These ‘
differences indicate differences in the spectra, ScoX~-1 being one of the
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sources which appeared to have the softest spect.um, The results
concerning ScoX~1 could not be accounted for by a black~body
spectrum. They also provided evidence for a strong increment of
flux at lcng wavelengths, in marked disagreement with the tentative
results of the Lockheed group.

To conclude this section, we summarize in Table III some
estimates for the X-ray fluxes in two different spectral regions from
the Crab Nebula, frcn ScoX~1 and from the source complex along the
galactic equator, within 20° of the galactic center, Note that these
estimates depend, among other things, on the assumed shapes of the
spectra wkich are still quite uncertain,

4,4,5 Backgrounc Radiation

Since the earlies! observations by the ASE-MIT
group, the existence of an isotropic X-ray background has been indicated.
Information on the background flux is summarized in Fig. 38. The ratios
7 » Of the counting rate of the isotropic component to the peak JL
counting rate from ScoX-1 for various experiments are plotted versus the
solid angle or corresponding to the field of view of the respective measure~
ments. This ratio is insensitive to the experimental conditions provided the
spectra of ScoX-1 and the background are essentially similar, The ratio
is: g C/L /& Sco Where $ g is the background flux per unit solid angle
and QSco is the flux density from ScoX-1. Results of the ASE-MIT measure-
ments show that ") is roughly proportional to \A, as is expected if
the background consists of X-rays distributed isotropically, except for
one result which is suspected to be in error because of a partial failure of
the anticoincidence counter which rejected cosmic ray paiticles. All other
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TARLE IX
INTEGRATED ENERGY FLUX FOR VARIQUS X-RAY SOURCES AND TWO DIFFERENT
RANGES OF PHOTON ENERGY

Spectral Energy
Range Flux 2
ource (keV) (ergs)/cm”sec Remarks
Crab 1to 10 2x10"8 NRL Data
20 to 30 G+2)x10"° G. Clark Balloon Data
ScoX-1  1to 10 (1.6+0.4) x 10~/ ASE Geiger Counter **
) Data
g%
20 to 30 <6x10 2 ASE Scintillation
Counter Data
Galactic 1 to 10 ©0.44.0)x10"7 ASE Gelger Counter **
equator Data
(including
Sgr X-1 -9
ScoX-1 20 to 30 (16 + 5) x 10 ASE Scintillation
and prob- Counter Data
ably several
additional
sources. )

* Represents 2 ¢ deviation above background; no significant excess was observed.

* ‘zcuming B-lpower spectrum,
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Fig. 38 Comparison of observations of the X-ray background made by various expertinenters.
The quantity n is the ratio of the counting rate of the background to peak counting rate of
ScoX-1 as ooserved in a given experiment.

data were obtained without an anticoincidence counter and, hence, it

is understandable that they show slightly higher background fluxes., The
estimate of the flux by NRL is based on the difference of the counting

rate when the detector was lookin¢, upwards and downwards., The lower limit
of NRL values of 7 is consistent with ASE-MIT results, Thus, the back-
g\ urnid component, which is proportional to the field of view of the detector,
is estimated as about 6 <:«:mnt/(<':m2 sec ster) in the 2 ~ 8A band. If we
consider the spectral response of the detector and the energy spectrum,

the flux may be as much as 10 quanta/(curs2 sec stor),

There is no evidence for anisotropy for any specific direction of
galactic coordinate: e.g. say the direction of the Milky Way. Also,
there i8 no positive indication to show & bright atmospheric horizon or
any preferential local azimuth. All information indicates that a back-
gronnd flux of extraterrestrial X-rays truly exists; however, it cannot
yet be excluded that a portion of this background originates from the
Earth's mag:.atosphere.
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